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Abstract
The cross section of top pair production in hadronic collisions to O(αα2s) is
calculated within the General 2-Higgs-Doublet Model and the Minimal Super-
symmetric Standard Model. At the parton level theO(α) one-loop corrections
to the main production mechanisms, qq → tt and gg → tt, significantly modify
the Born-cross sections: in the threshold region
√
sˆ
>∼ 2mt they are enhanced
up to 50% and with increasing cm energy
√
sˆ, they can be reduced by up
to the same order of magnitude. In a wide range of the parameter space of
the models under consideration the observable hadronic cross sections for top
pair production at the Tevatron pp → ttX and at the LHC pp → ttX are
typically reduced by several percent (
<∼ 10%) compared to the lowest order
result. In special regions of the parameter space, that is in the vicinity of the
threshold for the top quark decay t → b H+ ; t˜ χ˜0, the radiative corrections
are considerably enhanced, comparable in size to QCD effects.
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I. INTRODUCTION
The discovery of the top quark in 1995 by the CDF [1] and DØ [2] experiments at the Fer-
milab Tevatron once again impressively confirmed the Minimal Standard Model (MSM) [3,4]
as a valid description of electroweak particle interactions up to presently accessible energies.
In the meantime, experimental effort has been concentrated on detailed studies of the top
quark properties. Presently, the top quark mass is known to be (world average) [5]
mt = 175.6 ± 5.5 GeV ,
which is consistent with the MSM prediction obtained by performing a global MSM-fit to
all available electroweak precision data [6]
mt = 172.7 ± 5.4 GeV .
The measurement of the top pair production cross section σtt at hadron colliders is a signif-
icant test of the Standard Model. The observation of deviations from the Standard Model
predictions, including electroweak and QCD corrections, could indicate new non-standard
production or decay mechanisms. The measurement of σtt performed at the Tevatron [7,5]
CDF : σtt(mt = 175 GeV) = 7.5
+1.9
−1.6 pb
DØ : σtt(mt = 170 GeV) = 5.77± 1.76 pb
is largely in good agreement with the theoretical QCD prediction [8–10]
σtt(mt = 175 GeV) = 5.52
+0.07
−0.42 pb , σtt(mt = 170 GeV) = 6.48
+0.09
−0.48 pb
σtt(mt = 175 GeV) = 4.75
+0.63
−0.68 pb
σtt(mt = 170 GeV) = 5.83
+0.85
−0.51 pb .
The complete MSM electroweak one-loop corrections to top pair production at hadron col-
liders are calculated as well [11] but have only little impact on σtt at the Tevatron (∼ 1%).
The value of σtt measured by the CDF collaboration is slightly higher than the theoretical
prediction but the study of systematic uncertainties and the combination of different decay
channels is still in progress [7]. The current large experimental uncertainty, however, still
leaves room for non-standard physics effects through the virtual presence of new particles,
for instance. At the upgraded Tevatron with L = 10fb−1 a measurement of mt and of the
total tt production rate with a precision of δmt = 2 GeV and of δσtt/σtt = 6%, respectively,
is within reach [12]. At the LHC the mass measurement is expected to be more accurate
due to higher statistics and the cross section measurement will at least be as precise as that
performed at the Tevatron since the Tevatron-estimate is already to a large extent limited
by systematic uncertainties [12].
The envisaged high precisions open a new rich field of top quark phenomenology. Here
we are going to concentrate on the implications of non-standard electroweak-like radiative
corrections, for the top pair production cross section in hadronic collisions.
Since the mechanism which introduces gauge boson masses in a gauge invariant way by
spontaneously breaking the electroweak symmetry [4] is the least experimentally explored
sector of the MSM, possible extensions of the Higgs-sector are of particular interest. There,
the consideration of a second Higgs-doublet plays a special role [13]:
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• the extension to two Higgs-doublets represents a minimal extension of the MSM Higgs-
sector as far as the number of newly introduced parameters is concerned,
• as a new physical phenomenon, charged Higgs-bosons occur,
• the requirement ρ = M2W
c2
W
M2
Z
= 1 at Born-level is still fulfilled and
• two Higgs-doublets are required in a minimal supersymmetric extension of the MSM.
Supersymmetry (SUSY) [14] represents an additional symmetry between fermions and
bosons which implemented in the MSM solves such MSM deficiencies like the hierarchy
problem, the necessity of fine tuning and the non-occurrence of gauge coupling unification
at high energies.
Past studies of non-minimal Standard Model implications on the top pair production
cross section at hadron colliders comprised the calculation of
• the O(α) one-loop corrections within the General 2-Higgs-Doublet Model (G2HDM)
to both the qq annihilation and gluon fusion subprocesses with numerical results for
the Tevatron [16] and the LHC [17,18],
• the SUSY QCD O(αs) contribution to the qq annihilation and gluon fusion subpro-
cesses with numerical results for the Tevatron [19,20] and the LHC [21], and
• the SUSY electroweak-like (EW-like) one-loop corrections to the qq annihilation sub-
process with numerical results for the Tevatron [20,22].
The electroweak radiative corrections are of special interest due to the strong Yukawa-
couplings of the top quark to the Higgs-bosons. While the MSM prediction of the electroweak
one-loop contribution does not exceed ∼ 3% of the Born-cross section [11,15] the models
discussed here involve the interesting possibility of an enhancement of the Yukawa-couplings
and of additional contributions through the virtual presence of supersymmetric particles.
Thus, we give a complete description of the top pair production cross sections to O(αα2s) of
both main production mechanisms, qq annihilation and gluon fusion, within the G2HDM (=
Standard Model with two Higgs-doublets but without imposing SUSY constraints) and the
Minimal Supersymmetric Standard Model (MSSM) which involves the following one-loop
contributions:
• the electroweak gauge boson contributions (W and Z boson exchange),
• the Higgs-boson contributions within the G2HDM,
• the EW-like MSSM contribution, where the contribution of the supersymmetric Higgs-
sector and the SUSY EW-like one-loop corrections are discussed separately.
We provide explicit analytical expressions for the form factors which parametrize the one-
loop modifications of the gtt-vertex, present numerical results at the parton level and give
a detailed discussion of their numerical significance at the upgraded Tevatron with
√
S = 2
TeV and at the LHC with
√
S = 14 TeV.
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II. TOP PAIR PRODUCTION IN NON-MINIMAL STANDARD MODELS
The main production mechanism for tt production at the Tevatron is the annihilation of
a quark-antiquark pair
q(p4) + q(p3) → t(p2) + t(p1)
whereas at the LHC the top quark pairs are mainly produced via the fusion of two gluons
g(p4) + g(p3) → t(p2) + t(p1) .
At the parton level, the corresponding differential cross sections to orderO(αα2s) are obtained
by contracting the matrix elements describing the O(α) contribution to these subprocesses
δMi, i = qq, gg with the Born-matrix elements MiB
δ
dσˆi(tˆ, sˆ)
dtˆ
=
1
16pi2sˆ
2Re∑(δMi ×Mi∗B) , (1)
where tˆ = (p3 − p1)2, sˆ = (p3 + p4)2 are Mandelstam variables. The explicit representations
of δMi as well as MiB are given in [11] (Eqs.(3.34,3.39)), where the O(α) contribution
within the MSM to both production mechanisms qq annihilation and gluon fusion has been
studied. Throughout this paper we closely follow the notation of [11] and refer to it for
more details. Here we study the modification of the form factors introduced in [11] by
non-minimal Standard Model O(α) contributions. In order to reveal the numerical effect of
these corrections on the top pair production cross sections and to study the dependence on
the parameters of the underlying model we introduce a relative correction ∆i at the parton
level
σˆi(sˆ) = σˆ
i
B(sˆ) + δσˆi(sˆ) = σ
i
B(1 + ∆i) , (2)
where we already carried out the tˆ-integration. To compare with non-standard results we
show in Fig. 1 the relative corrections ∆qq and ∆gg obtained within the MSM. There, the
mass of the MSM Higgs-boson MH is assumed to be within bounds resulting from the
negative searches at LEP MH ≥ 66 GeV [23] and from theoretical arguments based on
unitarity MH ≤ 1 TeV [24]. In the numerical evaluation the electroweak MSM parameters
are chosen to be [25,6,26]:
mt = 175GeV, mb = 4.7GeV,MW = 80.356GeV,MZ = 91.1863GeV, α
−1 = 137.035989
In the following we introduce the relevant features of the models under consideration,
present the analytical expression for the form factors to qq annihilation and gluon fusion
and study their numerical impact.
A. The General 2-Higgs-Doublet Model
The General 2-Higgs-Doublet Model (G2HDM) [13] introduces six additional parame-
ters into the theory: four masses and two mixing angles. In standard notation they read:
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FIG. 1. The relative corrections ∆qq and ∆gg within the MSM. The O(α) contribution of the
electroweak gauge bosons (dotted line) and of the Higgs-sector are shown separately (solid line:
MH = 65 GeV, dashed line: MH = 1 TeV).
MA0 ,Mh0,MH0 ,MH± , tanβ and α. Since we are working in the ’t Hooft-Feynman gauge
we also have to include the contribution of the Higgs-ghosts G0 and G±. The G2HDM
one-loop corrections to the top pair production processes, qq annihilation and gluon fusion,
can be easily obtained from [11] when the Yukawa-couplings written in the generalized form
of Fig. 2 are replaced with the 2-Higgs-doublet Yukawa-couplings of Tab. I. Additionally,
H0, h0, A0, (H+)
G0, (G+)
t
t (b)
H0, h0, A0, (H-)
G0, (G-)
t (b)
t
: iemt
2sWMW
(cs − cpγ5) : iemt2sWMW (cs + c′pγ5)
FIG. 2. The Feynman-rules for the H-t-t(b)-vertex within the 2-Higgs-Doublet Model written
in generalized form. The coupling parameters cs, cp, c
′
p are explicitly given in Tab. I.
the summation over the MSM Higgs-bosons in [11] has to be extended to
∑
S=η,χ,Φ±
→ ∑
S=H0,h0,A0,H±,G0,G±
and now two neutral scalars H0, h0 contribute to the s-channel Higgs-exchange diagram in
the gluon fusion subprocess.
In order to demonstrate the effect of the convolution with parton distribution functions
and to study the dependence on the free parameters we present numerical results obtained
within the G2HDM also at the parton level. For the numerical evaluation of the electroweak
one-loop corrections within the G2HDM we chose the mixing angle α to be α = pi/2. Then
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TABLE I. The top-Yukawa-couplings within the 2-Higgs-Doublet Model (mb: bottom quark
mass, α: mixing angle, tan β: ratio of the vacuum expectation values of the two Higgs-doublets).
H0 h0 A0 H± G0 G±
cs − sinα/ sin β − cosα/ sin β 0 1√2(cot β +
mb
mt
tan β) 0 1√
2
(1− mb
mt
)
cp 0 0 −i cot β 1√2(cot β −
mb
mt
tan β) −i 1√
2
(1 + mb
mt
)
c′p 0 0 −cp cp −cp cp
the heavy Higgs-boson H0 develops MSM-like Yukawa-couplings for very large values of
tan β, and h0 decouples. For α = 0 the neutral scalars H0 and h0 just switch roles and
for values in between the sum of their contribution leads to smaller relative corrections.
The pseudo scalar A0 is expected to contribute noticeably only for small values of tanβ. It
turns out, that there is very little variation (< 2%) of the relative corrections with MA0 for
tan β = 0.7 and no dependence on MA0 can be observed for tanβ=70. Thus, throughout
the following numerical discussion within the G2HDM we chose a representative value of
MA0 = 50 GeV. A study of the dependence on the charged Higgs-boson massMH± shows that
there is little variation of the partonic cross sections withMH± , only for large values of tan β
due to the enhancement of the suppression factor mb/mt in the Yukawa-coupling a small
dependence can be observed. Thus, in the following discussion we chose a representative
value of MH± = 50 GeV. The only exception occurs in a very special region in the G2HDM
parameter space: mt ≈MH± +mb, where due to a discontinuity in the derivative of the B-
functions the radiative corrections can be considerably enhanced. In Fig. 3 the dependence
of the O(α) Higgs-sector contribution to the qq annihilation and gluon fusion subprocesses
within the G2HDM on MH0 and tan β can be studied. At the parton level, very large
corrections up to +50% arise in the threshold region
√
sˆ ≈ 2mt assuming H0 is very light
and tanβ very small. As expected due to the structure of the Yukawa-couplings, the relative
corrections decrease for increasing values of tanβ. The increase of the relative corrections
for very large tan β is due to the charged Higgs-boson contribution as discussed earlier. In
the case of gluon fusion a Breit-Wigner-resonance structure can be observed originating from
the s-channel Higgs-exchange diagrams when
√
sˆ ≈MH0,h0 > 2mt.
B. The Higgs-sector of the MSSM
The requirements of supersymmetry [14,30] lead to the existence of (at least) one addi-
tional Higgs-doublet where the parameters of the Higgs-potential are tightly correlated. At
one-loop level, this translates into the improved physical masses and the effective mixing
angle αeff as follows [27]:
M2H± =M
2
W +M
2
A0
M2H0,h0 =
1
2
(M2A0 +M
2
Z + Ω + Σ±
√
R)
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FIG. 3. The variation of the relative corrections ∆qq and ∆gg with MH0 and tan β within the
G2HDM (with Mh0 = 45 GeV, MA0 = 50 GeV, MH± = 50 GeV and α = pi/2).
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tanαeff =
Λ− sin β cos β(M2A0 +M2Z)
M2Z cos
2 β +M2A0 sin
2 β + Σ−M2h0
(3)
with
R = (M2A0 +M
2
Z)
2 − 4M2A0M2Z cos2 2β + (Ω− Σ)(Ω− Σ + 2(M2A0 −M2Z) cos 2β)
+ 4Λ(Λ− (M2A0 +M2Z) sin 2β) . (4)
In the approximation where only the dominating m4t -terms have been kept, the one-loop
corrections parametrized in terms of Λ,Σ and Ω read as follows (at tree-level: Λ = Σ = Ω =
0):
Ω = v
[
log
(
mt˜1mt˜2
m2t
)
+ At˜S(2k + At˜Sg)
]
Σ = vg(µS)2
Λ = −vµS2(k + At˜Sg) (5)
with
v =
3GF√
2pi2
m4t
sin2 β
k =
1
m2
t˜1
−m2
t˜2
log
(
mt˜1
mt˜2
)
g =
1− k(m2
t˜1
+m2
t˜2
)
(m2
t˜1
−m2
t˜2
)2
S = At˜ −
µ
tanβ
. (6)
Note, that our µ-sign convention is different from the one used in [27]. We neglect the impact
of radiative corrections on the charged Higgs-boson mass MH± since they do not exceed 10
GeV in a wide range of the parameter space [28] and as pointed out earlier the relative
corrections do not significantly depend on the value of MH± . The Higgs-mixing parameter
µ of the superpotential, the soft supersymmetry-breaking squark masses MQ˜,MU˜ and the
trilinear soft supersymmetry-breaking parameter At˜ are treated as free parameters. They
only enter the supersymmetric Higgs-sector via radiative corrections. In Eq. (3) we took
into account that the superpartners to the left- and right-handed top quarks, t˜L and t˜R, are
not necessarily mass eigenstates since the mass matrixM is of non-diagonal form
( t˜L t˜R )M
(
t˜L
t˜R
)
(7)
with
M =
(
M2
Q˜
+m2t − cos 2β(M2Z − 4M2W )/6 mt(At˜ − µ/ tanβ)
mt(At˜ − µ/ tanβ) M2U˜ +m2t + 2 cos 2β(M2Z −M2W )/3
)
. (8)
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Thus, t˜L, t˜R can mix so that the physical mass eigenstates t˜1, t˜2 are model-dependent linear
combinations of these states. The latter are obtained by diagonalizing the mass matrix by
performing the transformation
t˜1 = cosΦt˜ t˜L + sinΦt˜ t˜R
t˜2 = − sin Φt˜ t˜L + cosΦt˜ t˜R . (9)
Since the off-diagonal elements of the sfermion mass matrices are proportional to the fermion
masses we only consider L,R-mixing in the stop quark sector.
We choose the light stop quark massmt˜2 and the mixing angle Φt˜ to be input parameters,
so that the remaining parameters of the stop quark sector are determined by equations which
relate the elements ofM
M =
(
a b
b d
)
(10)
with its eigenvalues and the mixing angle Φt˜
m2t˜1,t˜2 =
a+ d
2
±
√
(a− d)2
4
+ b2
m2t˜1 = cos
2Φt˜ a+ sin
2Φt˜ d+ 2 cosΦt˜ sinΦt˜ b
m2t˜2 = sin
2Φt˜ a + cos
2Φt˜ d− 2 cosΦt˜ sinΦt˜ b . (11)
The soft-supersymmetry-breaking parameter MQ˜ (and thus a) is already fixed by the mass
of the left-handed sbottom quark and tanβ (no b˜L-b˜R-mixing and mb˜L = mb˜R)
M2
Q˜
= m2
b˜L
−m2b +
cos 2β
6
(M2Z + 2M
2
W ) . (12)
Consequently, with the choice of Φt˜, mt˜2 , mb˜L and tanβ the off-diagonal element b and
the heavy stop quark mass mt˜1 are fixed. To summarize, the predictions of the super-
symmetric 2-Higgs-Doublet Model depend on two parameters of the Higgs-sector which are
conventionally chosen to be MA0 and tan β and when considering radiative corrections to
the supersymmetric mass relations also on mb˜L , µ,Φt˜ and mt˜2 . In the special case of no
L,R-mixing (Φt˜=0, S = 0) there is no µ-dependence and Σ = Λ = 0.
C. The SUSY EW-like one-loop corrections
In the following we present the O(α) contribution of the gaugino-Higgsino-sector within
the MSSM to the qq annihilation and gluon fusion subprocesses. At one-loop level the
gtt-vertex is modified due to the exchange of two charginos χ˜±i=1,2 and four neutralinos
χ˜0i=1···4. They are linear combinations of the supersymmetric partners of the electroweak
gauge bosons and Higgs-bosons, the gauginos and Higgsinos, and are obtained by diagonal-
izing the corresponding mixing matrices X, Y (mass eigenstates χ˜0, χ˜± in four-component
notation) [30]:
9
qq
g
q
q
χ
t
t
q
q
χ
q
q
g
t
t
FIG. 4. The Feynman-diagrams for the SUSY EW-like contributions to the qq annihilation
subprocess.
Lm = −1
2
∑
i
¯˜χ
0
i (N
∗Y N−1)iiχ˜
0
i (13)
with
Y =


M1 0 −MZsW cos β MZsW sin β
0 M2 MZcW cos β −MZcW sin β
−MZsW cos β MZcW cos β 0 −µ
MZsW sin β −MZcW sin β −µ 0

 (14)
and the mass term for the charginos
Lm = −
∑
i
¯˜χ
+
i (U
∗XV −1)iiχ˜
+
i (15)
with
X =
(
M2 MW
√
2 sin β
MW
√
2 cos β µ
)
. (16)
As a result the mass eigenstates χ˜0i , χ˜
±
i are model-dependent with masses Mχ˜0i ,Mχ˜±i
depend-
ing on the SUSY parameters µ,M1,M2 and on tan β. In order to reduce the number of
independent parameters we assume the SU(2) × U(1) theory being embedded in a grand
unified theory so that the following relation becomes valid [30]:
M1 =
5sW
3cW
M2 . (17)
Mχ˜±
i
and Mχ˜0
i
are consequently fixed by the choice of µ,M2 and tanβ. The diagonalizing
matrices for the charginos U, V are real and can be easily chosen so that only positive mass
eigenvaluesMχ˜±
i
occur. Explicit expressions can be found in [30]. Different from the notation
of [29,30] we chose the diagonalizing matrix N to be real and allow negative mass eigenvalues
Mχ˜0
i
. The according Feynman-rules involving a neutralino can be retrieved from [29,30] by
performing the transformation described in Appendix A.3 of [29] (here the real matrix Z
used in [29] is denoted by N).
The Feynman-diagrams describing the SUSY EW-like one-loop corrections to the
qq annihilation and the gluon fusion subprocesses are shown in Fig. 4 and Fig. 5, respec-
tively. The Feynman-rules for the arising triple and quartic squark-gluon interactions are
given in Fig. 6 [30]. By introducing the coupling parameters gjs,p with j = L,R (without
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FIG. 5. The Feynman-diagrams for the SUSY EW-like contributions to the gluon fusion sub-
process.
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FIG. 6. The Feynman-rules for the triple and quartic squark-gluon interactions. a, b, c = 1 · · · 8
and k, l = 1 · · · 3 are color indices and i, j = L,R. g2s = 4piαs denotes the strong coupling parameter
and T c = λc/2 with the Gell-Mann-matrices λc satisfying the SU(3) anticommutation relation
2dabcλ
c = {λa, λb} − 4/3δab.
χ0i  (χi+)
t
tj (bj)
χ0i  (χi+)
t
tj (bj)
: ie(gjs − gjpγ5) : ie(gjs′ − gjp′γ5)
FIG. 7. The χ0,±i -t˜j(b˜j)-t - vertex written in generalized form. The coupling parameters g
j
s,p
are explicitly given in Tab. II.
mixing) and j = 1, 2 (with mixing) the neutralino(chargino)-stop(sbottom)-top-vertex can
again be written in a generalized form as shown in Fig. 7. When considering t˜L-t˜R-mixing
the interaction eigenstates are replaced by the mass eigenstates by using the transformation
of Eq. (9) in the interaction Lagrangian, which has the following impact on the stop quark
couplings of Tab. II:
g1,2s = cosΦt˜ g
L,R
s ± sinΦt˜ gR,Ls
g1,2p = cosΦt˜ g
L,R
p ± sinΦt˜ gR,Lp . (18)
With these Feynman-rules and after taking into account the counter terms of the on-shell
renormalization procedure the SUSY EW-like one-loop corrections to the qq annihilation
subprocess can be described by means of finite form factors FV , FM (introduced in [11])
which modify the gtt-vertex
FV,M(sˆ) =
2∑
j=1
(
4∑
i=1
SV,M(mt˜j ,Mχ˜0i ) +
2∑
i=1
SV,M(mb˜j ,Mχ˜±i
)
)
(19)
with
SV (m1, m2) = λ
+
j 2C
0
2 (sˆ, m1, m1, m2) + δZV (20)
SM(m1, m2) = λ
+
j (−4m2t )(C−1 + 2C−2 )(sˆ, m1, m1, m2)
+ λ−j 2mtm2(2C
−
1 + C0)(sˆ, m1, m1, m2) , (21)
where we used the abbreviation λ±j = (g
j
s)
2 ± (gjp)2. The renormalization constant δZV is
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TABLE II. The scalar and pseudo-scalar couplings gL,Rs and g
L,R
p describing the neu-
tralino(chargino)-left (right)handed stop(sbottom)-top-vertex. For convenience a matrix N ′ with
N ′i1,i2 = cWNi1,i2 ± sWNi2,i1 has been introduced.
gjs,p = a± b ; gjs′ = gjs ; gjp′ = −gjp
a b
χ˜0i t˜Lt −Ni4mt/(2
√
2sWMW sin β) − 1√2 (
2
3N
′
i1 +
1− 4
3
s2
W
2cW sW
N ′i2)
χ˜0i t˜Rt
1√
2
2
3(N
′
i1 − sWcW N ′i2) −Ni4mt/(2
√
2sWMW sin β)
χ˜+i b˜Lt Vi2mt/(2
√
2sWMW sin β) − 12sW Ui1
χ˜+i b˜Rt 0 Ui2mb/(2
√
2sWMW cosβ)
determined by the top quark self-energy ΣV,S
δZV = −ΣV (p2 = m2t )− 2m2t
∂
∂p2
(ΣV + ΣS)p2=m2t (22)
with
ΣV (p
2) = −λ+j B1(p2, m2, m1)
ΣS(p
2) = λ−j
m2
mt
B0(p
2, m2, m1) . (23)
The Feynman-diagrams of Fig. 5 represent the SUSY EW-like O(α) contribution to
the gluon fusion subprocess consisting of the modification of the gtt-vertex in the s- and
t-production channel described by the form factors FV , FM and ρ
V
i , respectively, the self-
energy insertion to the off-shell top quark (ρΣi ), the UV-finite box diagrams (ρ
✷
i ) and the
UV-finite s-channel Higgs-exchange (ρ△i ). These contributions together with the counter
terms modify the gluon fusion form factors in [11] as follows:
ρ
(V,Σ,✷),(t,u)
i =
2∑
j=1
(
4∑
i=1
T
(V,Σ,✷),(t,u)
i (mt˜j ,Mχ˜0i ) +
2∑
i=1
T
(V,Σ,✷),(t,u)
i (mb˜j ,Mχ˜±i
)
)
(24)
with
Vertex corrections:
T V,t1 (m1, m2) = 4λ
+
j C
0
2(tˆ, m1, m1, m2) + 2δZV
T V,t4 (m1, m2) = 2λ
+
j (tˆ−m2t )(C22 − C122 + C21)(tˆ, m1, m1, m2)
T V,t11 (m1, m2) = −T V,t1 (m1, m2)
T V,t14 (m1, m2) = 2λ
+
j (−C12 − C22 + 2C122 − C11 − C21)(tˆ, m1, m1, m2)
+ 2λ−j
m2
mt
(C11 + C
2
1 + C0)(tˆ, m1, m1, m2)
T V,t16 (m1, m2) = −4T V,t14 (m1, m2) (25)
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Top quark self-energy insertion:
TΣ,t1 (m1, m2) = −(tˆ+m2t )(ΣV (tˆ, m2, m1) + δZV )
− 2m2t (ΣS(tˆ)− δZV − ΣS(m2t )− ΣV (m2t ))
TΣ,t11 (m1, m2) = 2tˆ(ΣV (tˆ, m2, m1) + δZV )
+ (tˆ+m2t )(ΣS(tˆ)− δZV − ΣS(m2t )− ΣV (m2t )) (26)
Box contribution:
T✷,t2 (m1, m2) = 2λ
+
j D
02
3 (tˆ, m1, m1, m1, m2)
T✷,t4 (m1, m2) = 4λ
+
j (D
0
2 + 2D
01
3 +D
02
3 )(tˆ, m1, m1, m1, m2)
T✷,t6 (m1, m2) = −2λ+j (D21 +D23 + 2(2D122 +D22 +D123 +D1233 − 2D213 ))(tˆ, m1, m1, m1, m2)
T✷,t12 (m1, m2) = −4λ+j (2D013 +D023 )(tˆ, m1, m1, m1, m2) + 4λ−j
m2
mt
D02(tˆ, m1, m1, m1, m2)
T✷,t16 (m1, m2) = 4λ
+
j (D
2
1 +D
2
3 + 2(D
1
1 + 2D
1
2 + 4D
12
2 + 2D
13
2 +D
2
2 +D
1
3
+ 3D123 + 3D
123
3 + 3D
13
3 + 3D
21
3 ))(tˆ, m1, m1, m1, m2)
− 4λ−j
m2
mt
(D0 +D
2
2 + 2(2D
1
1 +D
2
1 +D
1
2 + 2D
12
2 +D
13
2 ))(tˆ, m1, m1, m1, m2) .
(27)
δZV and ΣV,S(p
2) are given by Eq. 22 and Eq. 23, respectively. The u-channel contribution
ρ
(V,Σ,✷),u
i can be obtained from the t-channel form factors by replacing tˆ with uˆ. For the nota-
tions concerning the B,C,D-functions see [11]. The s-channel Higgs-exchange contribution
is described by:
ρ△12 =
mt
2sWMW
∑
S=H0,h0
∑
j=1,2
∑
q
csc
susy
s,j
mt
(sˆ−M2S − iMSΓS)
[−2m2q˜jC0(sˆ, mq˜j , mq˜j , mq˜j)− 1] (28)
with [13]
C0(sˆ, mq˜j , mq˜j , mq˜j ) =


1
2sˆ
(
log 1+
√
1−τ
1−√1−τ − ipi
)2
; τ =
4m2
q˜j
sˆ
< 1
−2
sˆ
(
sin−1
√
1
τ
)2
; τ ≥ 1
, (29)
where cs is taken from Tab. I and c
susy
s,j from Tab. III. The tree level decay widths of the
light and heavy neutral Higgs-bosons Γh0,H0 within the MSSM are given in [13]. In the stop
quark sector when taking into account t˜L-t˜R-mixing c
susy
s,(LL,RR) is replaced with
csusys,(1,2) = cos
2Φt˜ c
susy
s,(LL,RR) + sin
2Φt˜ c
susy
s,(RR,LL) ± 2 sinΦt˜ cosΦt˜ csusys,LR . (30)
The masses of the supersymmetric partners to the light quarks in the unmixed up-type and
down-type quark sector are again fixed by choosing mb˜L and assuming that mq˜L = mq˜R. The
corresponding light quark masses are considered to be zero.
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TABLE III. Higgs-boson couplings to left and right-handed squarks within the MSSM (with
c+ = cos(α+ β), s+ = sin(α+ β) and Af˜ 6=t˜ = µ/ tan β)
csusy
s,(LL,RR,LR)
T f3 > 0, Qf = 2/3 T
f
3 < 0, Qf = −1/3
H0f˜Lf˜L − MZcW sW (T
f
3 −Qfs2W )c+ −
m2
f
MW sW
sinα
sinβ − MZcW sW (T
f
3 −Qfs2W )c+ −
m2
f
MW sW
cosα
cos β
H0f˜Rf˜R −MZcW sWQfc+ −
m2
f
MW sW
sinα
sinβ -
MZ
cW
sWQf c+ − m
2
f
MW sW
cosα
cos β
H0f˜Lf˜R − mf2MW sW sinβ (−µ cosα+Af˜ sinα) −
mf
2MW sW cos β
(−µ sinα+A
f˜
cosα)
h0f˜Lf˜L
MZ
cW sW
(T f3 −Qfs2W )s+ −
m2
f
MW sW
cosα
sinβ
MZ
cW sW
(T f3 −Qfs2W )s+ +
m2
f
MW sW
sinα
cos β
h0f˜Rf˜R
MZ
cW
sWQfs+ − m
2
f
MW sW
cosα
sinβ
MZ
cW
sWQfs+ − m
2
f
MW sW
sinα
cos β
h0f˜Lf˜R − mf2MW sW sinβ (µ sinα+Af˜ cosα) −
mf
2MW sW cos β
(−µ cosα−A
f˜
sinα)
In order to study the effects of the SUSY EW-like contribution and what remains after
including the contribution from the supersymmetric Higgs-sector with special emphasis on
the s-channel Higgs-exchange diagrams we discuss in Fig. 8 and Fig. 9 the SUSY EW-like
one-loop corrections and the full O(α) MSSM contribution, respectively, to the gluon fusion
subprocess. Since the SUSY s-channel Higgs-exchange contribution is proportional to the
quark masses when the squark masses are considered to be degenerate in mass, only the stop
quark-loop contributes significantly. The characteristic structure around
√
sˆ = MH0 in the
Figs. 8,9 originates from the s-channel Higgs-exchange diagrams. Since Mh0 ≪
√
sˆ we only
observe the resonance structure due to the exchange of the heavy neutral Higgs-boson H0.
As can be seen when comparing the SUSY EW-like with the full MSSM contribution the top
quark-loop contribution to the s-channel Higgs-exchange diagrams dominates. Only when
the SUSY Higgs-decay width ΓH0→q˜q˜,χ˜χ˜ is large the resonance structure arising from the top
quark-loop contribution is also suppressed as observed in Fig. 8 and Fig. 9 for Φt˜ = pi/4
and mt˜2 = 75 GeV, respectively. In the following we chose tanβ = 0.7 and MA0 = 450 GeV
(⇒MH0). Concerning the s-channel Higgs-exchange diagrams the dependence on tanβ and
MH0 is essentially not different from what we observed within the G2HDM.
In Fig. 8 we study the dependence on the light stop quark mass mt˜2 and on the mixing
angle Φt˜. Both parameters affect the resonance structure via the decay width ΓH0 and also
via the Higgs-boson mass MH0 when the described radiative corrections to the supersym-
metric Higgs-mass relations are taken into account. Moreover, in the resonance region the
negative form factor ρ△12 of Eq. (28) increases with mt˜2 and thus decreases the otherwise
positive SUSY EW-like contribution. When Φt˜ 6= 0 is chosen the L,R-mixing term in the
coupling parameter csusys,(1,2) contributes and depending on the sign of Φt˜ (more accurate: the
sign of µΦt˜) either diminishes or enhances the SUSY s-channel Higgs-exchange contribution.
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In Fig. 9 the dependence on µ and mb˜1 is shown. Again the choice of µ effects the resonance
structure by changing MH0 . Also in Fig. 9 the enhancement due to the threshold effect in
the vicinity of mt = mt˜2 + Mχ˜0 can be observed for mt˜2 = 75 GeV and µ = −90 GeV.
The dependence on µ is much less significant for larger values of mt˜2 . Finally, we discuss
the effects of varying the sbottom quark mass mb˜1 . The dependence of the s-channel Higgs-
exchange contribution on mb˜1 mainly originates from its impact on the value of MH0 and
the contribution of the sbottom quark to the decay width ΓH0→q˜q˜. Although the s-channel
Higgs-exchange diagrams provide an interesting Higgs-specific structure its significance will
only preveal after having performed the convolution of the partonic cross sections with the
parton distribution functions.
D. The pp, pp→ ttX cross section to O(αα2s)
The observable hadronic cross section is obtained by convoluting the partonic cross sec-
tions of Eq. (1) with parton distribution functions
σ(S) =
∫ 1
4m2
t
S
dτ
τ
(
1
S
dLqq
dτ
sˆσˆqq(sˆ, αs(µ)) +
1
S
dLgg
dτ
sˆσˆgg(sˆ, αs(µ))
)
(31)
with τ = x1x2 = sˆ/S and the parton luminosities
dLij
dτ
=
1
1 + δij
∫ 1
τ
dx1
x1
[
fi(x1, Q)fj(
τ
x1
, Q) + (1↔ 2)
]
. (32)
In the numerical evaluation we use the MRSA set of parton distribution functions [31] with
the factorization (Q) and renormalization scale (µ) chosen to be Q = µ = mt.
In order to avoid numerical instabilities and to take into account that jets originating
from the produced top quarks at large scattering angles are better distinguishable from the
background we impose a cut on the transverse momentum pt and the pseudo rapidity η of
the top quark in the cm frame: pt >20, 100 GeV (Tevatron, LHC) and |η| < 2.5. Imposing
a transverse momentum cut also enhances the relative correction at hadron level
σ(S) = σB(S) + δσ(S) = σB(1 + ∆) ,
which again is introduced to reveal the numerical impact of the O(α) contribution on the
observable cross sections. Before we start the numerical discussion in detail we describe
the general characteristics of the electroweak one-loop corrections: at the parton level apart
from a small region close to the threshold
√
sˆ ≈ 2mt, where the O(α) contribution can be ex-
tremely large and positive, the EW-like radiative corrections reduce the leading-order cross
sections the more the larger
√
sˆ. At the hadron level, as a result of the interplay between the
partonic cross sections and the Bjorken-x quark and gluon distributions the relative correc-
tions are predominantly negative, only at the Tevatron where the qq annihilation subprocess
dominates small positive contributions arise as a remnant of the large corrections arising in
the threshold region.
We start the numerical discussion at hadron level with the MSM prediction. In Fig. 10 the
effects of the O(α) Higgs- and electroweak gauge boson contributions are shown separately.
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FIG. 8. The variation of the relative correction ∆gg with mt˜2 for different values of the mixing
angle Φt˜ (with MA0 = 450 GeV, tan β = 0.7, mb˜1 = 400 GeV, µ = 150 GeV and M2 = 3|µ|).
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FIG. 9. The variation of the relative correction ∆gg with µ for two values of mt˜2 (mb˜1 = 400
GeV) and variation with m
b˜1
(µ = 150 GeV) (with M2 = 3|µ|, MA0 = 450 GeV, tan β = 0.7 and
Φt˜ = pi/4).
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FIG. 10. The variation of the relative correction ∆ with the MSM Higgs-boson mass MH at
the Tevatron (S = (2TeV)2) and at the LHC (S = (14TeV)2). The O(α) contribution from the
Higgs-sector is shown separately (solid line).
Within the MSM the complete electroweak one-loop corrections diminish the leading order
observable cross sections at the Tevatron and the LHC by up to −2% and −3%, respectively.
As can be seen in Fig. 10 the consideration of the electroweak gauge boson contribution yield
a constant shift of about −1% at both colliders. In the following discussion of non-minimal
Standard Model implications this effect is not explicitly included, since it can apparently
easily be taken into account.
In Fig. 11 we show the G2HDM prediction as a function of MH0 for different values of
tan β. Within the G2HDM due to the enhancement of the Yukawa-couplings by tanβ the
Born-cross sections can be considerably diminished: at the Tevatron up to −3.5% (tanβ =
70 and MH0 either very small or very high) and at the LHC up to −7.3% (tan β = 0.7 and
H0 very light). Except for very small values of MH0 the contribution only weakly depends
on MH0 . As already discussed at the parton level, the new increase for tanβ=70 is due to
the enhancement of the top-Yukawa-coupling to the charged Higgs-boson. The possibility of
a further enhancement of the radiative corrections due to a discontinuity in the derivative of
the B-functions in the vicinity of the threshold for top quark decay t→ b+H+ is illustrated
in Fig. 12. There we show the relative corrections as a function of the charged Higgs-boson
mass MH± for different values of tan β.
Within the MSSM the freedom of the G2HDM in choosing that set of parameters which
yield the maximum effect is limited by imposing supersymmetric constraints on the 2-Higgs-
Doublet Model. Thus, the effects of the supersymmetric Higgs-sector are in general less
pronounced than the one observed in the G2HDM. This is illustrated in Fig. 13, where the
relative corrections obtained within the supersymmetric 2-Higgs-Doublet Model are shown as
a function of MA0 for different values of tanβ. In Fig. 14 and Fig. 15 we illustrate the most
pronounced effect of the SUSY EW-like contributions: the enhancement of the radiative
corrections when mt ≈ mt˜2 +Mχ˜0 . We show the relative corrections versus mt˜2 for different
values of tanβ with and without mixing. The absence of the second dip in Fig. 14 illustrates
the possibility of a cancellation of the large contributions between the derivative of theB0 and
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FIG. 11. The variation of the relative correction ∆ with MH0 and tan β at the Tevatron
(S = (2TeV)2) and at the LHC (S = (14TeV)2) within the G2HDM (with Mh0 = 45 GeV,
MA0 = 50 GeV, MH± = 50 GeV and α = pi/2).
B1 functions depending on the choice of the L,R-mixing angle Φt˜ (see also [20] (Tevatron)).
Finally, we show in the Figs. 16,17,18 the impact of the complete O(α) contribution within
the MSSM (including the W,Z boson contribution) on the hadronic cross sections for top
pair production at the Tevatron and the LHC. There, we imposed additional constraints to
account for the experimental bounds on the supersymmetric particle mass spectrum from
the negative search at LEP and only allow those parameter combinations which yield
Mh0 > 45 GeV
Mχ˜±
1,2
> 65 GeV , M lightestχ˜0 > 24 GeV , M
next−to−lightest
χ˜0 > 46 GeV .
We already emphasized the most interesting features of the radiative corrections originating
from the MSSM Higgs sector and the SUSY EW-like contribution. To summarize we show
the dependence of the relative corrections on the MSSM input parameters
tan β,MA0, µ,M2, mb˜1 , mt˜2 ,Φt˜
within the following MSSM scenarios:
• Fig. 16: variation with MA0 for different values of tan β,
• Fig. 17: variation with µ for different values of M2,
• Fig. 18: variation with mt˜2 for
a.) different values of tanβ (with MA0 = 450 GeV, mb˜1 = 150 GeV and Φt˜ = pi/4),
b.) different values of the L,R-mixing angle Φt˜ (with MA0 = 150 GeV, tanβ = 0.7
and mb˜1 = 500 GeV) and c.) different combinations of the values of (mb˜1 ; Φt˜) (with
MA0 = 150 GeV and tan β = 0.7).
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FIG. 12. The variation of the relative correction ∆ with MH± and tan β at the Tevatron
(S = (2TeV)2) and at the LHC (S = (14TeV)2) within the G2HDM (with Mh0 = 45 GeV,
MA0 = 50 GeV, MH0 = 50 GeV and α = pi/2).
It is interesting to compare these effects with the relative corrections obtained when using
the best χ2-fit results of a global MSSM-fit to most recent electroweak precision data [32]:
∆Tevatron = −0.7%;−1.6% and ∆LHC = −4.3%;−3.2% with tan β = 1.6; 35, respectively.
As expected the effects are of the same order of magnitude as the one obtained within
the MSM. This is due to the decoupling behavior of the MSSM in the limit of very heavy
supersymmetric particles which allow for the presence of supersymmetry in electroweak Z
pole observables measured at LEP and SLC even though at the present level of accuracy no
convincing deviation from the MSM prediction has been observed.
As an interesting alternative to the total top pair production cross section we show in
Fig. 19 and Fig. 20 the impact of the G2HDM and the MSSM O(α) contribution, respec-
tively, on the invariant mass distribution of the produced top quark pair dσ/dMtt
dσ
dMtt
=
∑
ij=qq,gg
2
Mtt
σˆij(sˆ = τS) τ
dLij
dτ
(33)
with τ = M2
tt
/S. There we are especially interested in the distortion of the tt invariant
mass due to the s-channel Higgs-exchange diagrams in the gluon fusion subprocess as a very
characteristic signature of the electroweak symmetry breaking sector possibly observable at
pp colliders. As can be seen in Figs. 19,20 at the LHC a significant distortion arises for
Higgs-boson masses MH0 > 2mt for a sufficiently small Higgs-decay width ΓH0 .
III. CONCLUSIONS
We have studied the (virtual) effects of the complete O(α) contribution within the
G2HDM and the MSSM to the main top pair production mechanisms, qq annihilation
and gluon fusion, at future hadron colliders: the upgraded Tevatron with
√
S = 2 TeV
and the LHC with
√
S = 14 TeV. Typically the Born-cross sections are reduced by the
order of several percent but in exceptional regions of the parameter space, that is when
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FIG. 13. The variation of the relative correction ∆ with MA0 and tan β at the Tevatron and
at the LHC within the supersymmetric 2-Higgs-Doublet Model (mt˜2 =75 GeV, mb˜1 =150 GeV,
Φt˜ = pi/4 and µ = 100 GeV).
mt ≈ mt˜2 +Mχ˜0 ;mb +MH± , the radiative corrections can be considerably enhanced: up
to about 40% and 30% at the upgraded Tevatron and the LHC, respectively. In the gluon
fusion subprocess an interesting Higgs-specific signature occurs when due to the s-channel
Higgs-exchange diagrams the tt invariant mass distribution at the LHC can be significantly
distorted for Higgs-boson masses MH0 > 2mt and a sufficiently small Higgs-decay width
ΓH0 . We conclude that provided the intrinsic QCD uncertainties can be considerably re-
duced there is potential for electroweak precision studies in strong processes at future hadron
colliders.
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at the LHC when including only the SUSY EW-like one-loop corrections (with m
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FIG. 19. The invariant mass Mtt distribution within the G2HDM for different values of MH0
and tan β (with Mh0 = 45 GeV, MA0 = 50 GeV, MH± = 150 GeV and α = pi/2).
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FIG. 20. The invariant massMtt distribution within different MSSM scenarios (withMA0 = 450
GeV, M2 = 3|µ| and with (a) mt˜2 = 50, mb˜1 = 150 GeV, Φt˜ = pi/4, µ = −120 GeV, (b) same as
(a) but with mt˜2 = 75 GeV, (c) mt˜2 = 75, mb˜1 = 400 GeV, Φt˜ = −pi/4, µ = 150 GeV and (d)
mt˜2 = 75, mb˜1 = 800 GeV, Φt˜ = 0, µ = 150 GeV).
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